To demonstrate the importance of regional climate models over Japan, performance of the Meteorological Research Institute Regional Climate Model (MRI-RCM) was compared to the results of a super-high-resolution atmosphere general circulation model whose grid interval was 20 km (GCM20). The grid intervals (20 km) of the models are almost the same. Although both models reproduced the observed annual fluctuation of temperature adequately, the reproduced temperature of the GCM20 was somewhat lower than the observation, especially in winter. The temperature of the GCM20 has a negative bias of about 0.7 , while the MRI-RCM has a negative bias of 0.1 . Both models adequately reproduced the precipitation distribution during the winter monsoon. However, the precipitation of the GCM20 is less than the observation in early summer to autumn, while the MRI-RCM adequately reproduced precipitation during the same season. Therefore, for surface temperature and precipitation, the reproducibility of the MRI-RCM is generally better than that of the GCM20.
Introduction
, Giorgi and Bates (1989) and Kida et al. (1991) began numerical experiments of regional climate models (RCM). Horizontal resolutions of those models were about one hundred km or so. Subsequent computer development made the RCM resolutions finer. Sasaki et al. (2000) developed an RCM whose grid interval was 40 km and demonstrated its performance. Furthermore, an RCM of 20 km grid interval (RCM20) was developed recently for climate change projection over Japan and for developing an atmosphere-ocean coupled regional climate model (Sasaki et al. 2005) .
Developing RCMs for regional climate experiments is important because higher resolution can be attained without the expense of computer resources, enabling researchers to express climatic phenomena that cannot be expressed by General Circulation Models (GCMs). However, as RCMs have lateral boundary conditions, false solutions at the boundary cannot be avoided. Anthes et al. (1989) used relaxation areas to depress the noise, adding large diffusion and Newtonian damping. Kida et al. (1991) and Sasaki et al. (1995 Sasaki et al. ( , 2000 used the Spectral Boundary Coupling Method (SBC) to smoothly connect the inner model with the outer one. Many scientists have tried to reduce the noise at the boundary, however, it is impossible to remove it completely.
GCMs do not have these boundary condition problems. However, GCMs do not have high horizontal resolutions. In the 1990s, when studies using RCMs of about one hundred km resolution were started, GCM resolutions were about 5 degrees. Tokioka et al. (1996) conducted global warming experiments using a Meteorological Research Institute-Coupled Global Circulation Model (MRI-CGCM) whose grid intervals were 5°for longitude and 4°for latitude.
Computer development also improved this situation of GCMs dramatically. Yukimoto et al. (2001) developed CGCM2, whose grid intervals were 2.8°for both longitude and latitude. A general circulation model, (GCM20) whose grid interval was 20 km, was developed under the framework of the Research Revolution 2002 project, "Development of Super-High-Resolution Global and Regional Climate Models," funded by the Ministry of Education, Culture, Sports, Science and Technology. This high resolution is possible only on the powerful computer, the Earth Simulator, but the results enable us to evaluate the accuracy of the RCM20 with the boundary problem compared to that of the GCM20 without the boundary problem in nearly the same resolutions. The evaluation helps us to understand the seriousness of the boundary problem of RCMs.
In this study, we compared reproducibility of Japan's current climate using both models. Surface temperature and precipitation amount are evaluated by the observational data. This paper is organized as follows. The MRI-RCM is outlined in section 2. The model structure of the GCM20 will be published in another paper (Mizuta et al. 2005) , so it is omitted here. The results of both models are shown in section 3. Summary and concluding remarks are in Section 4.
Model description of the MRI-RCM
A 10-year integration by RCM20 was conducted using the multi-nesting method to reproduce the present climate. The MRI-CGCM2 (Yukimoto et al. 2001) was used for the outermost model. The MRI-RCM, whose grid intervals are 60 km (RCM60), is nested in the MRI-CGCM2 to reproduce the climate in the Asian region. Moreover, the RCM20, whose grid intervals are 20 km, is nested in it. Both the 60 km and 20 km model structures are the same except for horizontal resolution and horizontal grid number. RCM20 and RCM60 were developed based on the Regional Spectral Model (RSM). The RSM has been operationally used in the Japan Meteorological Agency (JMA) for the weather forecast of the East Asian area since 1996. The RCMs use Lambert projection, and its transform grid intervals are 60km for the RCM60, and 20km for the RCM20 at 30°N and 60°N. We adopted a 173×129 grid for RCM60 to include the Tibetan Plateau, which is considered to have a great influence on the Asian climate, and a 129×129 grid for the RCM20 to cover almost all of Japan, except for some southern islands. Details of the RSM, which is the base model for
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the RCMs, are given in a report by the Numerical Prediction Division/JMA (1997).
Since the RSM was unable to conduct long-term time integration, it was modified to develop the MRI-RCM. Two main modifications will be introduced briefly here:
(1) The incorporation of a new land surface scheme enables predicting soil moisture and snow depth, while they are obtained diagnostically or fixed to climatic data in the RSM scheme. Land-surface temperature is solved by the heat conduction equations with a fourlayer model in 0.6 m depth for the RSM, while the MRI-RCM has six layers in 2 m depth so that the change of temperature is small enough at the lowest level.
(2) Another large modification is the introduction of the SBC method. Details of the SBC method were shown in Kida et al. (1990) and Sasaki et al. (1995 Sasaki et al. ( , 2000 .
The sea-surface temperatures (SST) of the GCM20 and the RCM20 are different. The SST for the GCM20 is calculated from the monthly mean observed climatic SST whose resolution is 1°×1°in latitude and longitude. The SST is updated daily by interpolating linearly the monthly mean data. On the other hand, the SST of the RCM20 is given as follows. SST is calculated by North Pacific Eddy Resolving Model (NPERM, Tsujino and 
Results

Surface temperature
This section evaluates surface air temperatures The Japan Sea side of East Japan, The Pacific Ocean side of East Japan,
The Japan Sea side of West Japan,
The Pacific Ocean side of West Japan, and The Nansei Islands. Fig. 2 . The line graph shows the monthly mean temperatures of RCM20 and GCM20. The bar graph depicts the bias of temperature from the observation.
: The Pacific Ocean side of North Japan, : average over the whole of Japan.
predicted by GCM20 and RCM20. Japan is divided into seven regions according to climatic features as depicted in Fig. 1 . In each region, ten-year averages of surface temperature calculated by both models are compared with the climatic surface temperatures of meteorological observatories operated by the JMA. The elevation of the RCM20 is almost the same as the GCM20. However, those elevations are quite different from the heights of the observatories; therefore, the temperatures are adjusted to those at mean sea level, assuming that the lapse rate is 0.006 /m. Only the temperature over land is used for this verification. Figure 2 presents the monthly surface temperatures of GCM20 and RCM20, and their biases from the observation. As the fluctuation of the temperature in region is the largest among these seven regions, the graphs of the region and the average over the whole of Japan are shown here. Both models express the annual change of temperature well. The temperature of GCM20 is generally lower than that of the observation in all regions throughout the year, especially in winter. In summer, the temperature becomes closer to the observation than in winter. The fluctuation in the northern part of Japan is larger than that of the average over the whole of Japan (region ). It is about 3 lower than the observation in region in December ( 1.6 in region ). It is about 1.5 higher than the observation in June and July in region , and nearly 0 in region .
The bias of RCM20 is less than 1.5 throughout the year in region , which is better than that of GCM20. The temperature of RCM20 is about 2 higher than the observation in June and July in region . This is an exceptionally large bias in the results of the RCM20 for all regions. That is, the temperatures of both models are higher than the observation in the northern part of Japan in that term. The temperature bias of RCM20 is 1.5 in October in region , and 1.3 in September in region . The annual mean bias in all of Japan calculated by the GCM20 is 0.7 and by the RCM20 is 0.2. These show that the RCM20 can attain better reproduction of surface temperature than the GCM20, even though the RCM20 has the problem that noise is apt to develop near the lateral boundary.
Precipitation
In this section, the radar-AMeDAS (Automated Meteorological Data Acquisition System) precipitation data is used for the verification. The radar-AMeDAS precipitation data is calculated hourly from meteorological radars and AMeDAS observation data of precipitation by the JMA. Its horizontal resolution is 0.05°in latitude and 0.0625°in longitude. The six-year average (from 1995 to 2000) of the radar-AMeDAS data is used for the verification. The precipitation amounts of GCM20, RCM20, and observation are presented in Fig. 3 . There is no data available far from the coast of Japan, beyond radar range.
During winter around Japan, the northwesterly monsoon wind is generally blowing from the Asian Continent. The monsoonal air, which is cold and dry over the continent, is modified from below through an ample supply of heat and water vapor during its flow over the Japan Sea. There is much precipitation in the Japanese coastal area along the Japan Sea. The air mass that passes over the backbone mountain range becomes very dry, so there is less precipitation behind the mountain range in the Japanese coastal area along the Pacific Ocean. Thus, the Japanese climate exhibits a distinct contrast between the coastal areas along the Japan Sea and the Pacific Ocean in winter, even though the distance between them is only a few hundred kilometers. The precipitation of the models adequately reproduces the feature stated above. There is a lot of precipitation on the Japan Sea side and a little precipitation on the Pacific Ocean side in both the models (Fig. 3) .
During the rainy season (from June to July), the Baiu front is generally located around Japan. The front always brings a lot of precipitation on the Japanese Islands, especially on the southern coastal line. In summer, observation shows that areas of intense precipitation, more than 500 mm/3 month, are located along the southern coastal line of the Japanese Islands. This intense precipitation is adequately reproduced by RCM20, but not by GCM20.
In the mountainous region, RCM20 reproduces intense precipitation. This precipitation amount looks overestimated compared to the observation, even though reliability of the observation data is relatively low over mountainous areas. However, the precipitation by GCM20 is less than the observation. Figure 4 displays monthly mean precipitation amounts in region and the average over all of Japan . As the reproduction of the precipitation amount at the coat of the Pacific Ocean is not good in winter, the region 2 is selected here. Precipitation calculated by both models is somewhat overestimated in region in winter. This is because the winter monsoon type is expressed somewhat weakly and the storm track on the Pacific Ocean approaches the Japanese Islands. It brings about the overestimation of the precipitation at the coast of the Pacific Ocean. As shown in Fig. 4 , RCM20 adequately reproduces the annual change of precipitation in both regions and . However, GCM20 underestimates the annual change during summer and autumn from June to November, especially in September. In region , GCM20 reproduces less than 50% of the observed precipitation. In the western regions of Japan, this tendency is more distinct and there is only about one third of the observed precipitation in September (not shown). The annual mean precipitation averaged all over Japan by RCM20 is almost the same as the observation, while that of GCM20 is underestimated by about 40 mm.
Summary and concluding remarks
Performance of RCM20 and GCM20, whose horizontal resolutions are almost the same, was compared over Japan.
Both models basically succeeded to simulate the local climate of the Japan area. The results show that GCM20 generally underestimates the temperature throughout the year in all regions, while RCM20 does not. The bias temperature of GCM20 is 0.7 , and that of RCM20 is 0.1 . Both models overestimate the temperature in northern regions of Japan in June and July.
The annual change of precipitation calculated by RCM20 adequately reproduces climate. However, GCM20 clearly underestimates the precipitation from July to November. Due to this, the annual mean precipitation averaged over all of Japan by GCM20 is about 40 mm less than that of the observation, while the RCM20 reproduces nearly the same annual mean as the observation.
Although the results were obtained under different simulation SSTs as well as different frameworks of physical and dynamical processes of the models, the results encourage us to use RCMs for regional climate studies. Even with problems of boundary conditions, RCMs prove to have reasonable accuracy compared to GCMs, which do not have such boundary problems. RCMs can attain higher resolutions than GCMs if computer power is the same, and can introduce better orographic forcing and better expression of atmospheric disturbances. RCMs will become more popular for reproducing the regional climate in the future.
